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Introduction

The oxygen reduction reaction (ORR) plays an
essential role in various environment-friendly and
energy-saving technologies, such as rechargeable
metal-air batteries, fuel cells and water splitting cat-
alysts, which have been regarded as promising
alternatives to traditional fossil fuels [1-3]. Never-
theless, the intrinsic sluggish kinetics dramatically
restricts its practical applications. Although noble
platinum (Pt) and its composites are acknowledged
as the most effective ORR catalysts, the rarity, high
cost and insufficient stability limit their large-scale
applications [4, 5]. Therefore, it is highly desired to
exploit earth-abundant and fast-kinetics alternatives
to replace Pt-based catalysts [6, 7]. To date, magnifi-
cent progress has been made in developing new
electrocatalysts, such as transition metal-based
materials (metals and metal compounds MX, X=0, S,
N, C, and P) [8-12] and heteroatom-doped carbon
materials [13-17]. Particularly, it is noteworthy that
transition metals (Co or Fe) embedded in N-doped
carbon materials exhibit outstanding electroactivity
for ORR [6, 18-26]. On the one hand, carbon frame
with high conductivity works as a perfect supporting
material with numerous active sites [27]. On the other
hand, heteroatom doping, especially the N-doping,
leads to more active centers for catalyzing ORR
[28, 29]. However, the reported methods for N-doped
carbon material synthesis encounter the common
difficulty in controlling the structure of the carbon
foam as well as doping uniformity. It therefore
remains a great challenge to develop a facile strategy
for controllable synthesis of this kind of hybrid
catalysts.

As an optimal precursor to acquire porous carbon
materials, metal-organic frameworks (MOFs), coor-
dinating metal centers with organic ligands, have
received intensive research interest [30-33]. The
morphology, composition and pore size can be easily
controlled by modifying the metal ions and organic
ligands. In addition, the MOF-derived materials can
also inherit the advantages of MOFs, such as porous
structures with high specific surface area and uni-
form heteroatom doping [34-37], which are merits for
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high-performance catalysts toward ORR [16]. Such
controllable synthetic method is hence expected to
construct desirable metal-N—C hybrid materials with
well-defined MOF precursors to achieve superior
ORR activity.

However, most reported MOFs are neither uniform
in size nor stable at high temperatures, which greatly
impedes its application for high-performance MOF-
derived electrocatalysts. For example, the Co-N-C
catalysts derived from cobalt zeolitic imidazolate
framework (Co-ZIF) showed good ORR activity due
to the synergy of N and Co and the porous structures
[28, 37, 38], but the ORR activity is difficult to be
further promoted for the instability of 2-methylimi-
dazole ligand and the loss of N in the process of high-
temperature pyrolysis. Besides, the synthesis of
MOFs always involves long-reaction time of several
days as well as low economical benefits [16, 33].
Therefore, a facile approach for the synthesis of MOF-
derived porous Co-N-C materials with favorable N
contents is highly desired.

In this work, we have developed a novel high-ac-
tivity electrocatalyst for ORR, which consists of Co
nanoparticles (NPs) embedded in 3D N-enriched
mesoporous carbon foam (depicted as CoN-CF). The
designed Co-MOF precursor was assembled by using
2,2'-bipyridyl-5,5'-dicarboxylic ~ acid  (Hpbpydc)
ligands with Co cations through a facile reflux
method, in which the H,bpydc ligand acts as the
favorable N and C sources for the N-doped carbon
foam, and the multi-N doping can be controlled by
simply adjusting the pyrolyzing temperature. The
CoN-CF-700 catalyst obtained at middle pyrolyzing
temperature with dominant content of pyridinic-N
and graphitic-N displays the best catalytic activity for
ORR. Specifically, the CoN-CF-700 sample exhibits
excellent catalytic performance, including high onset
potential of 0.94 V, half-wave potential of 0.85 V and
limiting current density of — 5.24 mA cm 2. More-
over, this catalyst also exhibits better resistance to
methanol poisoning and distinct long-term stability
compared with commercial Pt/C catalysts. We
believe that this demonstrated strategy provides an
easy route for the synthesis of metal-N-C catalysts
with controllable active sites for high-efficiency ORR
applications.
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Experimental section
Synthesis of Co-MOF

The Co-MOF precursor was prepared by refluxing at
85 °C for 9 h with 200 mg cobalt acetate tetrahydrate
and 50 mg 2,2'-bipyridyl-5,5'-dicarboxylic acid dis-
solved in a mixed solution of 12 mL HNOj; (2.8 M in
DMEF), 20 mL DMF, 20 mL H,O, 20 mL CH3CN [39].
The Co-MOF was collected by centrifugation and
washed with deionized water before being dried at
80 °C.

Synthesis of CoN-CF catalysts

The Co-MOF precursor was directly carbonized in N,
in a tube furnace which was heated with a rate of
2°C min~' to certain temperature and then main-
tained for 2 h. With the heating temperature of 600,
700 and 800 °C, the CoN-CF-600, CoN-CF-700 and
CoN-CF-800 samples were obtained, respectively.
The as-obtained products were treated with 0.5 M
H,SO, for 10 h to remove the unstable and inactive
substances, and then washed several times with
deionized water and finally dried at 80 °C. For the
aim of comparison, NC-700 sample was prepared
without using cobalt acetate tetrahydrate.

Material characterization

The crystalline phase and purity of the as-prepared
samples were analyzed by the technique of powder
X-ray diffraction (XRD) with a Philips PW3040/60
X-ray diffractometer using Cu-Ka radiation. The
morphologies of the samples were examined by
scanning electron microscopy (SEM) on a Hitachi
5-4800 scanning electron micro-analyzer with an
accelerating voltage of 5 kV. The microstructure of
the samples was characterized by transmission elec-
tron microscopy (TEM) and high-resolution TEM
(HRTEM) with a JEM-2100 Field emission TEM. The
surface compositions and chemical states the samples
were analyzed with X-ray photoelectron spec-
troscopy (XPS) on an ESCALab MKII X-ray photo-
electron spectrometer using Mg Ka X-ray as the
excitation source. N, adsorption isotherms were
performed at 77 K on a Micrometrics ASAP 2020
surface area and porosity analyzer after the sample
was degassed in vacuum at 300 °C for 4 h.

@ Springer

J Mater Sci (2019) 54:5412-5423

Electrochemical measurements

The ORR performance of the as-prepared samples
was measured with a three-electrode cell using
WaveDriver 20 bipotentiostat (Pine Instrument
Company, USA). A saturated calomel electrode (SCE,
saturated KCI) and a Pt foil were used as the refer-
ence electrode and counter electrode, respectively.
All measured potentials in this work were converted
to the reversible hydrogen electrode (RHE) according
to the equation: E (RHE) = E (SCE) + 0.059 x pH +
0.241. A rotating disk electrode (RDE) with a glass
carbon disk (5 mm in diameter) and a rotating ring-
disk electrode (RRDE) with a Pt ring (6.5 mm in inner
diameter and 8.5 mm in outer diameter) and a glass
carbon disk (5.5 mm in diameter) coated with the
catalyst film were used as the working electrodes.
Five milligrams of the catalyst was dispersed in
460 uL of ethanol and 40 puL of 5% Nafion solution to
get the catalyst ink. The mixture was sonicated for at
least 1 h to obtain a uniform suspension. A certain
volume of catalyst ink was cast onto the glass carbon
substrate with the catalyst loading of 0.2 mg cm ™2 for
all samples including the commercial Pt/C (20 wt%
on carbon black, Alfa Aesar), which was finally dried
under ambient conditions. The electrolyte was 0.1 M
KOH solution, which was purged with O, or N, flow
for at least 30 min. The CV tests were conducted in
the O,- or Nj-saturated electrolyte from 0 to 1.2 V
versus RHE with a scan rate of 20 mV s™'. And the
RDE tests were carried out in O,-saturated electrolyte
with a scan rate of 10 mV s~ from 1.2 to 0.2 V versus
RHE. The methanol poisoning tests were performed
by chronoamperometry at the potential of 0.6 V ver-
sus RHE by RDE tests, with 50 mL of methanol
introduced into 150 mL of 0.1 M KOH solution. The
electron transfer number can be calculated according
to the K-L equation at various potentials as follows:

j gL jk Bo'2jk

B = 0.2nFACDZ 01/ (2)

where j is the measured current density, jx and j are
the kinetic and limiting current densities, respec-
tively, w is the rotating speed (rpm), 7 is the electron
transfer number, F is the Faraday constant
(96485 C mol ™), Cy is the bulk concentration of O,
(1.2 x 1073 mol L), Dy is the diffusion coefficient of
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0, (19 x 107° ecm? s7Y), and v is the kinematic vis-
cosity of the electrolyte (0.01 cm? s™).

The RRDE measurements were performed at volt-
age ranging from 0.2 to 1.2 V versus RHE in O,-sat-
urated electrolyte, with a scan rate of 10 mV slata
rotation speed of 1600 rpm. The yield of H>O, and
the electron transfer number could be determined
according to the following equations:

I./N
H,0,% = 2001d+—1r/N 3)
Iy
—4 4 4
"Lt L/N “)

where I, is the disk current, I, is the ring current, and
N is the collection efficiency of the ring electrode
which was 0.37 as provided by the manufacturer.

Results and discussion

The synthesis of the CoN-CF catalysts by a novel
reflux method, followed by a carbonization process at
certain temperature, is illustrated in Scheme 1. H,.
bpydc, N-heterocyclic carboxylate ligand, was selec-
ted as the source for both carbon and nitrogen, which
can be decomposed into CO, and H,O during the
carbonization process resulting in the mesoporous
N-doped graphite carbon layers. Meanwhile, cobalt
acetate tetrahydrate was reduced to metallic Co NPs
which coordinate with the graphite carbon, leading to
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the embedding of Co NPs in the 3D N-enriched
mesoporous carbon foam.

The morphology and structure of the obtained
catalysts were investigated by SEM and TEM. As
shown in Fig. S1 (see Supplementary Materials), the
as-prepared CoN-CF gets much rougher than the Co-
MOF precursor, due to the growth of small particles
on the smooth surface. Obviously, more holes and
voids emerge in CoN-CF-800 than CoN-CF-600,
indicating the effect of pyrolysis temperature on the
formation of the porous 3D carbon frame. Such por-
ous structure is also confirmed by the TEM images.
As displayed in Fig. 1a, b, numerous voids can be
observed clearly. In Fig. la-d and Fig. S3a—d, the
CoN-CF-700 sample exhibits the existence of gra-
phitic carbon bubbles and metallic Co NPs embedded
in the carbon layers, which were further confirmed
by the HRTEM images. In Fig. 1e, the inner particle
exhibits an inter-planar spacing of 0.2 nm which
corresponds to the distance of the (111) plane of metal
Co, and the outer shell shows a spacing of 0.34 nm
corresponding to the (002) plane of graphitic carbon.
It was noteworthy that Co NPs still remain even after
high-temperature calcination and acid-washing. Such
metallic Co NPs were encapsulated by the graphitic
carbon layers ranging from 6 to 8 layers or from 10 to
14 layers (Fig. S3c—-d). As observed in the TEM ima-
ges (Fig. S3), the graphitic carbon layers are ultra-thin
and imperfect, resulting in the Co NPs are only par-
tially encapsulated in carbon layers. Therefore, the

Scheme 1 The schematic procedure for the synthesis of CoN—CF.
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Figure 1 a—d TEM,

e HRTEM image, and f STEM
image of the as-prepared
samples CoN-CF-700; g-i
elemental mapping images of
C, N and Co elements,
respectively. The arrows noted
in the b and ¢ represent the
pores.

electrolyte can penetrate through the outside carbon
layers to the inside metal NPs. Additionally, there are
many pores distributed in the N-doped carbon layers
(noted as the arrows in the Fig. S3c—f); thus, the
electrolyte can also interact with the Co NPs through
the pores in the carbon layers. Such core-shell
structure of Co NPs encapsulated by graphitic carbon
layers with unique structural advantages not only
can improve the ORR performance by dual physical
and chemical protection but also works as conduction
paths and reactive sites in the electrocatalytic process.
Moreover, all the C, N and Co elements were uni-
formly distributed over the whole carbon foam as
shown in Fig. 1g-i. The above SEM and TEM
inspections have revealed that the porous 3D N-en-
riched carbon foam with embedded Co NPs was
successfully obtained. Such unique structure is
expected to not only possess high active sites but also
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have long-term catalytic stability for the well-pro-
tected Co NPs by graphitized carbon layers.

Further structure and composition characteriza-
tions were performed with XRD, Raman scattering
spectroscopy and N, adsorption—desorption iso-
therms measurements. The XRD pattern of as-pre-
pared Co-MOF (Fig. S2) is consistent well with the
simulated pattern in the previous work [39], indi-
cating the successful preparation of Co-MOF with
this facile reflux method. In Fig. 2a, one broad peak at
20 ~ 25.5° and other three well-defined peaks at
20 ~ 44.1°,51.4° and 75.6° can be seen clearly related
to the (002) face of graphite carbon and metallic Co
(JCPDS card NO. 15-0806), respectively, which is in
accord with the TEM results. And the peaks of CoO
emerged in CoN-CF-800 are ascribed to the partially
oxidized cobalt at 800 °C, which could be confirmed
by the XPS analyses with the CoO bond in high-res-
olution Co 2p spectra of CoN-CF-800. The Raman
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Figure 2 a XRD patterns. (a) S = *Co %Co0 (b)
b Raman spectra of the as- b %
prepared samples at different - —~ | con-cF-800
carbonization temperature. g g /1= 1.01
z 2
7} 2] -CF-
b= o
c " i
- 1  CON-CF-600
CoN-CF-600
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|
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spectra show the characteristic of the graphitic carbon
and the ratio of Ip/Ig can be used to reveal the dis-
ordered and graphitic degree [40, 41]. As shown in
Fig. 2b, two obvious peaks at 1340 cm™' (D band)
and 1595 cm™' (G band) can be observed [42]. It is
noticed that the Ip/Ig value of CoN-CF-700 (1.08) is
higher than that of CoN-CF-600 (0.94) and CoN-CF-
800 (1.01), implying that the sample calcined at
700 °C produced more structural defects [43]. More-
over, the surface area and porous structure were
examined with N, adsorption-desorption tests. Fig-
ure 3a—c reveals a type-IV isotherm for the as-pre-
pared samples calcined at different temperatures,
indicating the existence of a mesoporous structure.

The average pore size of CoN-CF-600 and CoN-CF-
700 was centered at mesopores, while pore of CoN-
CF-800 was centered at both mesopores and macro-
pores which is also in accordance with their surface
area [44]. The surface area of CoN-CF samples is
more likely influenced by the calcination tempera-
tures. The Brunauer-Emmett-Teller (BET) surface
areas of CoN-CF-600, CoN-CF-700 and CoN-CF-800
are 544.6, 593.1 and 835.7 m* g~ ' (Fig. 2d), respec-
tively, which are much higher than the values of
reported catalysts [45-51]. The increased surface area
may mainly result from the increased mesopores and
macropores at higher temperatures. The specific
surface area has been regarded as one of the crucial

Figure 3 a, b and ¢ N, (a) (b)
adsorption—desorption . ~ 600—
isotherms of the as-prepared :m 500+ Eou {3 n;’ 500 Eoo !
CoN-CF-600, CoN-CF-700 § aooliil | s Bl
and CoN-CF-800 samples. § 3o T 4004300
2
d BET surface area of the as- -g 300- L T o T -g 300, R
prepared samples at different 2 -
carbonization temperature. ‘:’ 200+ g 200+
The insets in a, b and ¢ show g —=— Adsorption 3 100 Sdsorp:_lon
. . — 4 —_—— i (=] b —e— Desorption
the corresponding pore size S 100 Desorption > ‘ . ' . ' '
distribution curve. 00 02 04 06 08 1.0 00 02 04 06 08 10
Relative pressure (P/P.) Relative pressure (P/Po)
(c) (d)
E 1. —~ 9004
o 1400 Ton E 835.7
"E 1200- 200 > 800
3 € E 700]
T 100045 oo | g 600 446 593.1
£ 800 "hggaaaaw < 500
8 Pore Diameter (nm) 8 400
2 600 8
< ‘£ 3001
© 400 5
£ . 0 200
S 2004 —=— Adsorption [t
= . W 1004
g 0 —e— Desorption ) 0
T T T T T T n
00 02 04 06 08 1.0 con OO cr 1Y (cr 0

Relative pressure (P/P.)
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factors to influent the ORR performance, and a larger
surface area is expected to provide more active sites,
resulting in a higher electrocatalytic activity. Such
unique 3D porous carbon foam with ultrahigh
specific surface area is a result of the high coordina-
tion between Hybpydc with Co as well as the gas
releasing from decomposition at high temperatures,
which is expected to facilitate relevant species
transport and expose more active sites in the elec-
trochemical reactions.

XPS measurements were also conducted to exam-
ine the elemental compositions and chemical states of
the CoN-CF catalysts. The survey XPS spectrum
(Fig. 4a) confirms the presence of C, N, O, Co in all
the catalysts, which is in agreement with the TEM
elemental mapping, and the corresponding atomic
percentages are shown in Table S1 (see Supplemen-
tary Materials). Obviously, the total content of N
decreases rapidly from 6.33% in CoN-CF-600 to
4.13% in CoN-CF-700 and 1.29% in CoN-CF-800.
However, the highest content of Co is obtained in
CoN-CF-700 (3.73%), much higher than in CoN-CF-
600 (2.07%) and CoN-CF-800 (0.51%), implying uni-
formly distributed Co. Recent research has confirmed
that both N and Co play a vital role in the ORR
performance [17, 28, 52], and a small amount of
metallic Co can improve the electrocatalytic activity
toward ORR [25]. The presence of Co can lead to

! J Mater Sci (2019) 54:5412-5423

formation of Co-N species which is proposed as the
catalytic site. Meanwhile, metal Co can catalyze
graphitization of amorphous carbon to generate gra-
phitic carbon [25]. In Fig. 4b, the high-resolution C
1s spectrum of CoN—CF-700 can be deconvoluted into
three fitting peaks, corresponding to C=C (284.4 eV),
C=N & C-O (285.1 eV) and C-N & C=0 (287.9 eV),
[48], respectively, revealing the successfully doped of
N in the carbon foam. The corresponding C 1s spectra
of CoN-CF-600 and CoN-CF-800 are shown in
Fig. S4a and S4c. In the high-resolution Co 2p spectra
of CoN-CF-700 (Fig. 4c) and CoN-CF-600 (Fig. S4b),
two distinct peaks at the binding energies of ~ 793.8
and 778.4 eV can be attributed to metallic Co 2p;,»
and 2p3,,, and the peak at ~ 779.9 eV can be ascri-
bed to the Co-N bond [53, 54]. The binding energy
for Co-O bond at ~ 787.2 eV could be detected in
the Co 2p spectrum of CoN-CF-800, which is in
agreement with the XRD results. In Fig. 4e, the high-
resolution N 1s spectrum exhibits four sub-peaks,
including  pyridinic-N  (398.3 eV),  pyrrolic-N
(400.3 eV), graphitic-N  (401.5eV) and Co-N
(399.2 eV) for all CoN-CF samples [45, 53, 55, 56].
Specifically, the contents of different N are shown in
Fig. 4d and Table S2. It has been generally acknowl-
edged that pyridinic-N and graphitic-N contribute a
lot to electrocatalytic activities [15, 28, 57-61], and
pyrolyzing temperature can influence the different N
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Figure 4 a The wide XPS survey spectra of as-prepared samples, b high-resolution C s spectra and ¢ high-resolution Co 2p spectra of

CoN-CF-700, d relative content of different N components and e High-resolution N 1s spectra of as-prepared samples.
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content in this case. At 600 °C, the CoN-CF-600
sample contains 28.41% pyridinic-N and 27.75%
graphitic-N. When the temperature rises to 700 °C,
the contents of pyridinic-N and graphitic-N are
increased to 31.86% and 30.12%, respectively. How-
ever, the CoN-CF-800 sample has only about 22.98%
pyridinic-N and 28.17% graphitic-N. It is noted that
the both pyridinic-N and graphitic-N contents appear
to decrease as temperature is increased to 800 °C,
which may be attributed to the thermal instability of
the pyridinic and graphitic groups at higher anneal-
ing temperatures [61]. In general, the graphitic-N
content is related to conductivity of N-doped carbons
which determines the limiting current density, while
the pyridinic-N content will enhance the onset
potential for ORR [25, 61]. Thus, the CoN-CF-700
catalyst obtained at middle pyrolyzing temperature
with dominant content of pyridinic-N and graphitic-
N exhibits the best electrocatalytic activity in the
following catalytic examination.

These features of high specific surface area, rich
nitrogen doping and uniform Co distribution make
CoN-CF a promising ORR catalyst. The electrocat-
alytic activity of CoN-CF samples was investigated
by linear sweep voltammetry (LSV) and cyclic
voltammetry (CV) measurements on a rotating disk
electrode (RDE) in 0.1 M KOH electrolyte. Linear
sweep voltammetry (LSV) measurements with a
rotating speed of 1600 rpm were implemented to
evaluate the ORR activities of the CoN-CF and Pt/C
catalysts. The obtained LSV curves and the corre-
sponding ORR activity parameters are presented in
Fig. 5a-b and Table S3. As expected, the CoN-CF-700
sample exhibits the best ORR activity with a higher
onset potential (Eonset, 0.94 V) and a more positive
half-wave potential (E;,,, 0.85 V) than CoN-CF-600
(0.89V, 0.82V) and CoN-CF-800 (0.92V, 0.83V)
samples, which is even better than the Pt/C (0.93 V,
0.84 V) catalyst. Besides, CoN-CF-700 also displays a
higher limiting current density of — 5.24 mA cm 2
than Pt/C (— 4.98 mA cm™2). As for NC-700 catalyst
without Co NPs, poor ORR performance with rather
low current density was observed. This result con-
firms that the introduction of metal Co significantly
enhanced the ORR activity, which in turn verifies that
the Co nanoparticles encapsulated in graphitic car-
bon can become the active sites to boost ORR. Thus,
the carbonization temperature of 700 °C is the opti-
mal temperature for the best catalytic performance of
the CoN-CF catalysts. Figure 5c exhibits the CV
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results of CoN-CF-700 in O, and N,-saturated elec-
trolytes, where a distinct reduction peak is seen in the
O;-saturated electrolyte, while no noticeable peak can
be observed in the Ny-saturated electrolyte, demon-
strating the encouraging response toward ORR of the
CoN-CF-700 catalyst [42]. Moreover, LSV tests at
different rotation rates (Fig. 5d) were also performed
and the limiting current density demonstrates a reg-
ular increase with the increased rotation rates owing
to the shorter ion diffusion path at high rates [62].
The corresponding Koutecky-Levich (K-L) curves
(the inset plot in Fig. 5d, according to Egs. 1, 2)
indicate a good linearity with the growing potentials
and the transferred electron number is calculated to
be ~ 3.9. To further investigate the reaction process
of ORR, the RRDE test was performed with a rotation
rate of 1600 rpm. The LSV curves of the CoN-CE-700
and Pt/C catalysts were presented in Fig. S6, and the
electron transfer number of CoN-CF-700 is calculated
to be ~ 3.95 which further confirms a four electron
(4e™) ORR process. The yield of H,O, was also cal-
culated according to the Eq. 3 and the production is
below 4.0%, indicating excellent catalytic selectivity
to reduce O, to H,O instead of H,O, [57] All these
results demonstrate the highest catalytic performance
of the CoN-CF-700 sample.

The as-prepared CoN-CF-700 sample was further
tested to investigate its tolerance to methanol poi-
soning and long-term stability. The CoN-CF-700
sample as well as the Pt/C catalyst was measured in
O, saturated 0.1 M KOH solution with rapid injection
of 50 mL methanol in 300 s. As depicted in Fig. 4e, a
great decline of the current density of Pt/C occurs
with the introduction of 50 mL methanol into 0.1 M
KOH solution, but for CoN-CF-700 sample, the rel-
ative current changes a little at the adding of
methanol and recovers very quickly, which indicates
stronger resistance of the CoN-CF-700 sample to
methanol poisoning than the Pt/C. Furthermore, the
catalytic durability of CoN-CF-700 and Pt/C was
evaluated by chronoamperometric test performed at
0.6 V for a time period of 36000 s (Fig. 4f). Obviously,
the current density of Pt/C drops dramatically and
remains only 40.5% at the end of the test, while the
CoN-CF-700 catalysts displays only a slight decline
of the current density and a final retention of 96.7%
after 36000 s. In addition, the LSV test of CoN-CF-700
after 3000 CV cycles was also performed, and only a
small shift of 10 mV can be observed (Fig. S7).
Compared with the Pt/C catalyst and other non-
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Figure 5 a LSV curves of CoN-CF-600, CoN-CF-700, CoN—
CF-800, Pt/C and NC-700. b The onset potential and half-wave
potential of CoN-CF-600, CoN-CF-700, CoN—CF-800, Pt/C.
¢ CV curves of CON-CF-700 (the red curve was obtained in Nj-
saturated 0.1 M KOH solution, the black curve was obtained in
O,-saturated 0.1 M KOH solution). d LSV curves of CoN-CF-

noble metal catalysts (Table S4), the as-prepared
CoN-CF-700 sample exhibits superior ORR perfor-
mance, including the higher onset potential, half-
wave potential and limiting current density as well as
strong resistance to methanol poisoning and distinct
long-term stability. Such remarkably improved elec-
trocatalytic activity of the CoN-CF-700 sample could
be ascribed to the following factors: (1) Observed
from SEM and BET results, the unique 3D porous
structure not only offers high specific surface area
with uniform N-doping but also facilitates the ion
diffusion and charge carrier transfer at the interface
of the electrolyte and electrode; (2) TEM images show
that the embedded Co NPs are well dispersed in the
graphitized carbon layers, which effectively prevents
the agglomeration of the nanoparticles and guaran-
tees the long-term stability of the catalyst in the
electrochemical reaction; (3) As confirmed by XPS
measurements, the in situ doping of multi-N com-
ponents in the carbon foam results in abundant
highly active sites and dominant content of pyridinic-
N and graphitic-N and therefore the superb ORR
performance.

@ Springer

700 at different rotation rates. The inset in d shows the
corresponding K-L plots at different  potentials.
e Chronoamperometric response at 0.6 V in O, saturated 0.1 M
KOH solution with the adding of 50 mL methanol.
f Chronoamperometric response of Pt/C and CoN-CF-700 at
0.6 V.

Conclusions

In summary, we have demonstrated the synthesis of
a well-designed high-performance ORR catalyst
through a method of one-step carbonization of Co-
MOF. The Co-MOF was synthetized by a facile reflux
method in which only cobalt acetate tetrahydrate and
Hybpydc were used as the raw materials. The car-
bonization of the H,bpydc ligands leads to in situ
N-doping into the carbon foam as well as the
reduction of Co cations to produce metallic Co NPs.
The 3D N-enriched porous carbon foam with
embedded Co NPs possesses high specific surface
area and abundant N-doping active sites and exhibits
high catalyst activity for ORR. In particular, the
optimized CoN-CF-700 catalyst displays the best
catalytic performance with an onset potential of
0.94 V, half-wave potential of 0.85 V and high limit-
ing current density of — 5.24 mA cm 2. Moreover,
the CoN-CF-700 sample also shows superior resis-
tance to methanol poisoning and remarkable long-
term durability. We believe the demonstrated strat-
egy not only realizes the unique 3D structural fea-
tures with superior electrocatalytic activity but also
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provides a new insight into easy-synthesis and high-
economy routes for developing metal-N-C catalysts
for energy storage and conversion applications.
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